The corrosion behavior of 317L stainless steel (SS) in the presence of biofilms with coexistence of ironoxidizing bacteria (IOB) and sulfate-reducing bacteria (SRB) was investigated by polarization curves and electrochemical impendence spectra. Results showed that the corrosion mechanisms varied with the bacterial evolution process. the lower dissolved oxygen (DO) concentration caused by the IOB multiplication in reclaimed water induced the ennoblement of Ecorr and the increase of electron transfer resistance due to the fact that DO using as the only depolarization agent. Meanwhile, the deposition of an outer IOB biofilm, iron hydroxide layer and an inner chromium oxide layer on the 317L SS protected the metal surface and retarded the corrosion process. However, as the SRB proliferation the cathode depolarization process was promoted by SRB metabolic activity after 5 days and the preformed twolayer films were converted into one layer induced by the sulfidation effect, enhancing the electron transfer process correspondingly. Furthermore, the uneven metabolisms distribution, gradients of sulfate ions and DO concentration and heterogeneous biofilm structure induced larger localized corrosion of 317L SS by biofilm in reclaimed water.
INTRODUCTION
Corrosion is one of the most common phenomena when utilizing metallic materials, which was often induced by chemical or electrochemical reactions between the electrolyte and metal surface. Microbial activity was reported as one of the most important factors affecting the electrochemical corrosion process, which also presented a strong tendency to attach on the metal surface and form biofilms [1, 2] . Biofilm formation not only change the physical/chemical conditions on the metal surface but also alter the anodic/cathodic half-reactions on the metal/solution interface, and cause microbiologically influenced corrosion (MIC) [3, 4] .
Many types of microorganisms could cause metal corrosion. Sulfate-reducing bacteria (SRB) have been reported to be one of the most common bacteria, which contributed to half of the MIC in industry [5] [6] [7] . The mechanisms that explain the SRB effect on corrosion included cathodic depolarization, iron sulfide accumulation, and local acidification [8] [9] [10] . Moreover, SRB cells also tend to form biofilms by producing extracellular polymeric substances, enhancing the hydrogen sulfides production and intrinsic heterogeneity, and modifying the physicochemical microenvironments [10] . Most of these research have focused on single isolated SRB species [11] . However, microbiologically influenced corrosion is a complicated process that might be related to other bacteria. Therefore, the other symbiotic bacteria may also affect the activity and characteristics of SRB, and change the corrosion mechanism furthermore. The present study aimed at investigating the electrochemical corrosion mechanisms of 317L SS in the presence of biofilms with coexistence of IOB and SRB by using the electrochemical and surface analytical techniques. Polarization curves and electrochemical impendence spectra (EIS) were collected to evaluate the electrochemical corrosion mechanisms The scanning electron microscope (SEM) and 3D stereoscopic microscope were used to analyze the surface morphology and the localized corrosion phenomena. Additionally, Energy Dispersive Spectrometer (EDS) was used to evaluate the elemental composition of the corrosion products.
MATERIALS AND METHODS

Stainless steel coupons and working electrodes
All stainless steel coupons in this work were manufactured according to HG/T 3523-2008. The coupons were with a chemical composition (wt, %) of 19.0 C, 3.4 P, 1.63 Mn, 4.4 Si, 0.58 S, 12.78 Ni, 18 .62 Cr, and 3.14 Mo, with Fe making up the balance. The dimensions of the rectangle coupons were 72.4 × 11.5 × 2.0 mm. Exceptionally, the coupons were cut into a cylinder with cross-section of 0.5 cm 2 to make as the working electrodes. Subsequently, the cylinders were grounded with the waterproof abrasive papers sequentially (200#, 400#, 600#, 800#, 1000#, 1200# and 1500#), welded with a metal wire, and sealed with epoxy resin. Afterwards, these electrodes were degreased in acetone, dehydrated in anhydrous ethanol, vacuum-dried and disinfected with ultraviolet (UV) radiation for 30 min before used.
Bacterial incubation and cells counting
IOB and SRB species were isolated from effluent water in running annular reactors (ARs). Additionally, reclaimed water treated with high temperature sterilization was used as the sterile control water (pH: 8.86±0.5). After sterilization, the total bacterial count was <1 CFU/mL. The culture medium for microorganisms was R2A, which was autoclaved at 121 °C for 20 min before being used. The volume ratio of reclaimed water to culture medium was 1:10. Sterile water without microorganisms was also added into the culture medium in the same proportion as the control. Moreover, in order to maintain a sterile environment, the ultraviolet light was always irradiated throughout the control experiments.
The prepared 317L SS coupons and working electrodes were immersed into lightproof, 250 ml ground-glass stoppered bottles containing reclaimed water or sterile water. For the duration of the experiment, the bottles were placed in a biochemical incubator at 30°C. The coupons were extracted from the bottles to obtain bacterial data at predetermined cultivation times (1, 5, 10, 20 , and 40 days). Three parallel coupons were prepared under each conditions to ensure the reproducibility of results. The coupons were washed gently with aseptic water and immersed in an ultrasonic cleaning system with 0.01 M phosphate buffer solution (PBS) for 20 min to obtain the biofilm bacteria solution. Finally, the counts of IOB and SRB were determined by the maximum probable number (MPN) approach according to the Chinese National Standards (GB/T 14643. ; GB/T 14643. ). All biofilm results were normalized to the surface area (1 cm 2 ). Additionally, water quality parameters such as DO and sulfate ion (SO4 2-) content were measured according to standard methods (GB5749-2006).
Biofilm analysis
Immediately after the coupons were removed from the incubation bottles, they were washed twice with deionized water, then immersed in 2.5% glutaraldehyde fixation fluid for 2 h at 4 °C in a refrigerator for biofilm fixation. The coupons were then sequentially immersed into ethanol with different concentrations for dehydration. The biofilm morphology and elemental composition were examined by an S4800 field emission SEM (Hitachi Company, Tokyo, Japan) equipped with a Genesis XM2 EDS (EDS Company, Dallas, USA). The scanning ranges of the electron microscope were from 1 μm to 10 μm. Prior to SEM observation, the coupons were coated with a thin gold film (0.5 μm) to improve the electrical conductivity. Additionally, the localized corrosion profile after the removal of corrosion products was measured by a 3D stereoscopic microscope (Hirox KH-7700, Hirox CO., Ltd, Tokyo, Japan).
Electrochemical measurements
To understand the electrochemical corrosion mechanisms of 317L SS, potentiodynamic polarization and EIS were performed with a CS350 electrochemical working station (KeSiTe company, WuHan, China). Reclaimed water or sterile water with culture medium was used as electrolyte, a highpurity platinum sheet (99.99%) with a total area of 1 cm 2 was used as the counter electrode, and Ag/(AgCl) (saturated KCl) was used as the reference electrode. The potentiodynamic polarization curves were acquired with a potential range of -0.1 V to 0.1 V versus open circuit potential at a scan rate of 0.5 mV/s. The EIS measurements were performed with an applied sinusoidal voltage of 10 mV and a frequency ranging from 0.01 to 100000 Hz. The acquired data was fitted and simulated by Zsimpwin (Version 3.10) based on the appropriate equivalent circuit models.
RESULTS AND DISCUSSION
Water quality and biofilm bacteria analysis
The variation of IOB and SRB bacterial counts, the sulfate anions and dissolved oxygen (DO) concentrations in reclaimed water and sterile water over time can be seen in Fig. 1 . The DO concentration in sterile water declined slightly from 7.88 mg/L to 6.02 mg/L within 40 days, indicating the oxygen consumption caused by the metal corrosion process. Similarly, the DO concentration in reclaimed water also presented a declining trend throughout the experiments, while, the values were much lower than those in the bulk control, which might be caused by the rapid bacterial growth. IOB is aerobic bacteria, which can obtain energy through the iron oxidation process. Therefore, its growth strongly depends on DO concentration and the metal matrix [12] . Fig. 1 also showed that the IOB counts increased gradually to the maximum value of 10672 CFU/mL·cm 2 after 10 days of incubation, while, which decreased gradually to 6530 CFU/mL·cm 2 at 40 days due to the decreased DO concentration and accumulated corrosion products.
Figure 1. Variation of IOB and SRB counts, sulfate anions and DO concentration over time
The concentration of sulfate in sterile water presented slightly downward trend due to the adsorption of corrosion products. And, no significant difference of sulfate anions concentration between the reclaimed water and sterile water in the first 10 days were found, showing no significant microbial metabolic activity involving sulfur occurred at this time. Thus, SRB counts did't experience a significant growth initially. This is because DO could't be scavenged completely by the activity of IOB in aerobic environment, thus inhibiting the growth of SRB. This results also illustrated the toxicity of oxygen to SRB [22] .
However, the DO concentration decreased rapidly after 20 days and the values of sulfate ions concentration were much lower in reclaimed water than those in sterile water, demonstrating the rapid proliferation of SRB in the former experiments. All the above results illustrated the fact that bacteria colonization in reclaimed water is a dynamic and continuous process, in which IOB and SRB growth, proliferation and decline. And this bacterial evolution process might affect the 317L SS corrosion greatly.
Morphology of corrosion products and biofilm
The micro-morphologies of corrosion-product and biofilms on the 317L SS surface after 40 days of incubation were inspected (Fig. 2) . The chemical compositions of these films are shown in Table 1 . Clear differences in corrosion morphology were found between these two systems. The smooth metal base could be seen in sterile water with the observation range of 10 μm, while when viewed at a smaller scale at 1 μm, blocky corrosion products were visible. EDS results showed that high proportion of element Fe and O were found in the outer corrosion product layer in sterile water at 5 days and 40 days probably due to the formation of iron oxides or iron hydroxides. Additionally, the element chromium and nickel were evident in the inner corrosion layer, indicating the formation of a passive layer containing chromium oxides and nickel oxides. a-317L in sterile water -10 μm b-317L in sterile water -1 μm c-317L in reclaimed water -10 μm d-317L in reclaimed water -1 μm In reclaimed water experiments at 5 days, the percentages of element Fe, C and O in the outer layer of the 317L SS were 40.97%, 31.90% and 25.02%, accounting for 97.89% of the total elements in IOB outer layer. These results (in conjunction with the EIS results) likely indicated that the IOB cells, bacterial metabolic products and iron corrosion products might mixed together as a whole and accumulated on the metal surface. Additionally, the content of element C and O presented much higher values in reclaimed water than that in sterile water at 1, 5 (outer layer) and 40 days, confirming the accumulation of bacterial cells and extracellular polymeric substance (EPS). This result might be probably caused by the self-aggregation properties of microorganisms [23] .
Moreover, the Cr, Ni and O elemental content in the inner layer of the 317L surface was 40.14%, 34.32% and 13.65% respectively at 5 days, probably suggesting the formation of chromium oxides or nickel oxides close to the metal base [24] . For corrosion morphology at 40 days, some corrosion products were found deposited on the periphery of the elongated IOB cells, resulting in the increase in biofilm roughness. Meanwhile, it is worth mentioning that SRB cell bodies were not clearly visible in SEM images although the SRB counts were counted in Fig. 1 . Thus, it was speculated that these SRB might be located in the sublayer of the biofilm. The rapidly declining sulfate ions concentration in reclaimed water after 10 days also confirmed this speculation. And, the higher content of element S in reclaimed water experiment at 40 days was also an evidence confirming the SRB metabolic activity. And, the higher proportion of element S in reclaimed water at 40 days than that they were before, probably demonstrating that the preformed corrosion products (iron oxides and chromium oxides) might be vulcanized under the action of SRB [25, 26] .
The pit corrosion of the coupons after removing the corrosion products at 40 days can be seen in Supporting Information 1 (S1). In bulk control conditions, fewer corrosion pits can be seen on the relatively smooth coupon surface. Generally, the largest pit depth was 72.2 μm. However, the pit diameter and depth of 317L SS were larger and deeper of coupons in reclaimed water. The largest corrosion depth was approximately 200.3 μm. Accordingly, this varied pit diameters and depths might be due to the difference in bacterial growth and corrosion scales morphology.
Different from the relative compact corrosion products, the corrosion scales appeared to be more porous and heterogeneous in reclaimed water experiments. This kind of coarse, inhomogeneous biofilm surface was reported promoting the initiation of localized corrosion [9] , through generation of the gradients of sulfate ions and DO concentration, formation of local electrochemical cells [26, 27] . Furthermore, the sulfate ions can pass through this heterogeneous surface and can be used as electron acceptor through the SRB activity (Eq.1; Eq.2; Eq.3). This process might also enhanced the Fe depletion and facilitate the localized corrosion further [28] . Similar results have been reported on SS with SRB involved in the pit corrosion initiation [29] .
Fe→Fe 2+ +2e (anodic dissolution) (Eq.1) SO4 2-+8Had→S 2-+4H2O (cathodic depolarization by SRB) (Eq.2) 4Fe+ SO4 2-+4H2O→3Fe(OH)2+FeS+2OH -(overall reaction) (Eq.3) Fig. 3 shows the time-dependent polarization curves of the 317L SS in sterile and reclaimed water. The curves were recorded from 1 days. The anodic branches are involved with the electron loss process from the metal base, and the cathodic branches are related to biofilm formation and metal oxidation reaction. Compared with the control experiments, the corrosion potential (Ecorr) of 317L in reclaimed water shift towards a more positive potential within 5 days of exposure and then shift negatively afterwards. Since the oxygen was using as the only depolarization agent, the decrease of DO concentration caused by the IOB multiplication induce the ennoblement of Ecorr during the first 5 days. Subsequently, the rapid decrease of Ecorr values might be attributed to the decrease of pH values that was caused by the hydrogen sulfide generation through SRB metabolic activity [22] . For better analysis, the fitted electrochemical corrosion parameters, namely, the Ecorr, corrosion current density (icorr), anodic Tafel slope (βa) and cathodic Tafel slope (βc) are listed in Table 2 . The anodic current densities in sterile water decreased slightly and reached to 0.363 μA/cm 2 after 40 days exposure. The decreased icorr values might be related to the accumulation of the intact oxide layer on the 317L SS surfaces. It was noteworthy that the maximum corrosion density was very small (1.073 μA/cm 2 ), suggesting the good corrosion resistance of 317L SS. It is speculated that this high corrosion resistance might be related to the high Cr content and the elevated Mo and Ni levels in the composition of metal base [30] .
Polarization curve analysis
The corrosion potential of 317L SS in sterile water was -0.073 V vs. Ag/AgCl (saturated KCl) at 1 days and this value shifted to the positive side in reclaimed water. The same phenomenon can also be seen at 5 days. Additionally, icorr presented lower values in reclaimed water than those in sterile water in the first 5 days. From the biofilm bacterial analysis, IOB cell counts increased sharply in the first 5 days, while SRB cell counts did not change much. Thus, it was speculated that the IOB proliferation and the EPS formation might played an inhibiting effect on the corrosion process. Moreover, the cathodic Tafel slope (βc) values in reclaimed water were higher than those in sterile water in the first 5 days. Considering the fact that the DO served as the only cathode depolarizing agent in normal aqueous solution, there are adequate reasons to believe that the lower DO values caused by the IOB cells increased the resistance of cathodic reduction process. Although some previous studies reported that the IOB cells can enhance the corrosion of 304 SS, they presented inhibition effect of 317L SS in our study [31] . Different elemental compositions of metals might be responsible for this difference, which could change the morphology of biofilm/metal interface and alter corrosion mechanisms..
After 5 days, the polarization curves of 317L SS in reclaimed water shifted toward the negative direction significantly, making the activation region moving into high current density areas. The icorr values of the working electrode in reclaimed water was nearly 3-6 times higher than that exposed to sterile water at the same duration time, suggesting a strong destructive effect of IOB and SRB biofilm on the metal surface. Moreover, the cathodic reactions were greatly polarized to the greater extent, which might be attributed to the sessile bacteria directly [32] . The much lower cathodic Tafel slope (βc) in reclaimed water after 5 days also confirmed this conclusion. As shown in Fig. 1 , the less oxygenated environment caused by the consumption of IOB metabolic activity provided a suitable environment for SRB growth in the closed, anoxic or anaerobic environment after 5 days. The accelerated cathode depolarization process caused by direct electron reduction of SRB was reported by many studies mainly including the following reasons: (1) formation of biofilm; (2) activities of hydrogenases produced by SRB; (3) consumption of active substances for cathodic depolarization of corrosion reaction; (4) changes of passive film in structure [33] . In this process, SRB could use sulphate as a terminal electron acceptor, resulting in the production of active hydrogen sulfide (H2S) and forming the relative heterogeneous film structure. The appearance of H2S and the local acidic environment might catalyze the anodic dissolution and induced a loss of passivity unanimously, which has been studied on nickel and iron-nickel-chromium alloys previously [29] . Fig. 3 also showed that the anodic polarization curves presented an overpassivated region at 40 days, further confirming the sulfidation effect of passive film. Consequently, despite the superior chemical corrosion resistance of 317L SS in sterile water, it could still be corroded by a biofilm with coexistence of IOB and SRB.
EIS tests
EIS was collected under a stable open circuit potential. Nyquist and Bode plots of 317L SS exposed to sterile water and reclaimed water for predetermined times are presented in Fig. 4 . It showed that the Warburg diffusion resistance presented the highest values in sterile water at 1 days, suggesting the formation of passive layer initially (Fig.4a ). In Fig. 4b , three time constants can be found for the Bode plots. The peak located in the higher frequency region (>10 2 Hz) was most likely related to the outer corrosion film, while the peaks at the medium (10 0 -10 2 Hz) and lower frequencies (10 -2 -10 0 ) might be attributed to the inner passivation film and electron transfer resistance respectively. It has been reported that SS is prone to the formation of thin, compact protective films that shift the electron transfer resistance from the metal/water interface to the oxide/water interface. The decreased phase angles values in low frequency region showed the corrosion was also occurred in in sterile water. And, the increased phase angles values in the high frequency region (increased from 5° to 42° from 1 days to 40 days) revealed the accumulation of corrosion products on the metal surface. Fig. 4c , depressed capacitive semicircles appeared in the Nyquist plots of 317L SS in reclaimed water, which might be probably caused by bacterial adhesion or biofilm formation. Additionally, three time constants appeared in the Bode plots in the corrosion process from 1 days to 10 days (Fig. 4d) , thereinto, the one in low frequency region represented the electron transfer resiatance; and the other two in intermediate frequency region and high frequency region represented the corrosion film resistance and biofilm resiatance respectively. However, there were only two time constants in the corrosion process at 20 and 40 days. resistance. Subsequently, they decreased gradually as the bacterial growth. This result was similar to Hongwei Liu's research [13] . Moreover, the changes in the Nyquist plots with time also determined the selection of the equivalent circuit models (ECMs). The impedance spectrum of 317L SS in sterile water at 1 days showed a straight line with an angle of 45 ° in low frequency region, indicating the existence of Warburg diffusion resistance (Wo) (Fig. 4a ). Thus Rs((RctQdl)(RfQf)Wo) as shown in Fig. 5a , was used to interpretate this corrosion process. In addition, the other impedance spectras of 317L in sterile water (5, 10, 20 and 40 days) all showed three capactive semicircles. Thus, the three-time-constant model Rs(RctQdl)(Qfout[Rfout(RfinQfin)]) was used to simulate these testing results (Fig. 5b) . Additionally, considering the phase angle variation, the three-time-constant model Rs(RctQdl)(Qf[Rf (RbQb)]), was also used to simulate the corrosion process in reclaimed water experiments at 1, 5 and 10 days (Fig. 5c ). Comparatively, the two-time-constant model Rs(Qf[Rf(RctQdl)]), as shown in Fig. 5d , was used to explain the corrosion process involving the passive film breakdown in reclaimed water at 20 days and 40 days, which was used for the interpretation of EIS data recorded in th case of 304 SS corrosion at the presence of SRB [34] . All the fitted results can be seen in Table 3 , where Rs represents the electrolyte resistance; Rf and Qf represent the resistance and constant phase element (CPE) of the corrosion film, respectively; Rb and Qb represent the resisitance and CPE of the biofilm, respectively; Rct and Qdl represent the charge transfer resistance and CPE of the electrical double layer, respectively; and W represents the Warburg impedance. CPE was used to account for the dispersion effect caused by the roughness of the corrosion film or biofilm. The factor n can be used as a measure of the surface inhomogeneity and the decreased values of this factor are associated with increasing surface roughness [35] . The chi-squared (χ 2 ) values were all < 10 -3 , demonstrating the high quality of the fitting results. Wo exhibited the greatest values in sterile water at 1 days, indicating the passivation phenomenon of 317L SS. The values of Wo was 149.77 kΩ·cm 2 in sterile water at 1 days, which was much greater than the values of Rf, Rct and Rs, demonstrating that the diffusion effect was the control steps of the corrosion process. Subsequently, the corrosion films became two different layers, including iron oxides in the outer layers (Rfout) and chromium and nickel oxides in the inner layers (Rfin) after 5 days. Moreover, the values of Rct, Rfin all presented a decreasing tendency, showing the reduction of corrosion resistance. Additionally, the values of Rct and Rfin were much higher than that of Rfout or Rs, illustrating that the electron transfer resistance and the inner chromium and nickel oxides layer was mainly responsible for the corrosion process.
In the case of 317L SS in reclaimed water, Rct attained the values of 154 kΩ·cm 2 and 213 kΩ·cm 2 at 1 days and 5 days, which were higher than those in the sterile water. This indicated that the presence of IOB and SRB biofilm inhibited the electron transfer process from the metal surface in the first 5 days. Moreover, the relative higher Rf values in reclaimed water at 5 days revealed that the deposition of oxide film of iron/chromium and biofilm substantially increase the protective characteristics of 317L SS and inhibit the corrosion process.
However Rct values of 317L SS in reclaimed water decreased strongly after 5 days when SRB located at a rapid growth stage (until 40 days) and the values constantly became lower than that in the sterile water. This phenomenon confirm that the SRB activity accelerated the corrosion process of 317L SS. To be specific, SRB can reduced the sulfate ions to hydrogen sulfide through its metabolic activity. And the hydrogen sulfide or sulfide could incorporate with the early-formed passivated films, catalyze its dissolution process and induce the blending of the non-protective iron sulfide or chromium sulfide layers into one, further promoting the corrosion process substantially [36] . The bode diagrams (Fig. 4d ) also confirmed that only one film was found in reclaimed water in the high-frequency zone (20 days and 40 days), confirming the transformation of pre-formed corrosion layer under the effect of vulcanization.
Although many previous investigators have presumed that sulfide products can inhibit the formation of a protective oxide film, the current study focused on the invasive effect of SRB on twolayer film formation, e.g., the iron oxide layer and the chromium layer. Moreover, EDS results also revealed a greater S content in the corrosion film in reclaimed water at 40 days, confirming the sulfidation effect of SRB on the iron and chromium corrosion products further. Similar research has reported the degradation effect of SRB on the formation of chromium passivation films [37] . The relative lower nf and nb+f values in reclaimed water further confirmed the heterogeneous mixture on the metal surface. This heterogeneous film formed on the surface due to the accumulation of bacterial metabolite and corrosion products (Fig. 2d ) could induce the pit formation and propagation.
CONCLUSION
The corrosion process of 317L SS varied with the bacterial evolution trend of IOB and SRB cells. The decrease of DO concentration caused by the IOB multiplication induce the ennoblement of Ecorr and the increase of cathodic Tafel slope in the first 5 days. Moreover, the deposition of an outer IOB biofilm and iron hydroxide layer and an inner chromium oxide layer increased the electron transfer resistance and retarded the corrosion process. However, after that, the SRB proliferation caused the rapid decrease of Ecorr values and the cathodic Tafel slope through its metabolic activity and formed hydrogen sulfide after that. The hydrogen sulfide or sulfide could incorporate with the early-formed passivated films, catalyze its dissolution and induce the blending of the non-protective iron sulfide or chromium sulfide layers into one through sulphidation effect and promoting the corrosion process substantially. Moreover, the bacterial activity may cause uneven distribution of the metabolisms, generation of the gradients of sulfate ions and DO concentration and induced the larger localized corrosion in reclaimed water. 
SUPPORTING INFORMATION
Pit corrosion of the 317L stainless steel in (a) sterile water and (b) reclaimed water (40 days testing)
A B
